Modeling of uniformly loaded circular raft resting on stone column-improved ground  by Das, Amit Kumar & Deb, Kousik
H O S T E D  B Y The Japanese Geotechnical Society
Soils and Foundations
Soils and Foundations 2014;54(6):1212–1224http://d
0038-0
nCor
E-m
kousik@
Peerx.doi.org/1
806/& 201
respondin
ail addre
civil.iitk
review un.sciencedirect.com
: www.elsevier.com/locate/sandfwww
journal homepageModeling of uniformly loaded circular raft resting on stone
column-improved ground
Amit Kumar Das, Kousik Debn
Department of Civil Engineering, Indian Institute of Technology Kharagpur, Kharagpur 721302, India
Received 30 November 2013; received in revised form 21 August 2014; accepted 12 September 2014
Available online 10 December 2014Abstract
In the present paper, a mechanical model has been developed to study the behavior of uniformly loaded circular raft resting on stone column-
improved ground. The axi-symmetric condition was considered in the analysis. The raft was idealized by a circular plate. The soft foundation soil
and granular ﬁll were idealized as the spring-dashpot element and the Pasternak shear layer, respectively. The stone columns were modeled as
stiff non-linear springs. To perform an axi-symmetric analysis, stone columns are converted into equivalent concentric rings with one stone
column at the center. The ﬁnite difference method is used to solve the governing differential equations. The effect of different parameters on the
behavior of the circular raft over stone column-reinforced ground was also studied. It was observed that the effect of the modular ratio on the rate
of decrease of vertical settlement, radial and tangential moment and the rate of increase of shear force reduces sharply above the value of 40. The
shear force developed at the edge of the stone column was critical when the spacing to diameter ratio was around 2.5.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Raft foundations are often preferred for tall and heavy
structures constructed on highly compressible soil. Circular
rafts are used for silos, chimneys, cylindrical storage tanks and
other cylindrical structures. The most suitable foundation for
such structures is circular raft because of the natural geometry.
In many situations, geotechnical engineers design circular raft
foundations for construction on stone column-improved
ground. In such cases, understanding the behavior of stone
column-improved ground is very signiﬁcant for the design of
the circular raft.0.1016/j.sandf.2014.11.014
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der responsibility of The Japanese Geotechnical Society.Many researchers have studied the behavior of circular
plates or circular foundations resting on soil. Selvadurai (1979,
1980) used the fundamental theorem of minimization of total
energy to study the interaction between a uniformly loaded
thin circular plate and an isotropic elastic halfspace. Zheng and
Zhou (1988) solved the large deﬂection problem of nonlinear
thin circular plates using a concentrated load resting on an
elastic foundation. The iterative method and a numerical
procedure were used to obtain the solution. Zaman et al.
(1988) developed a formulation based on an energy approach
to solve the problem of a uniformly loaded thin circular plate
resting in contact with the isotropic elastic halfspace.
Mastrojannis et al. (1988) solved the linear elastic problem
of adhesive contact between an axi-symmetrically loaded
circular raft and foundation soil mass by modeling the circular
raft as a thin circular elastic plate. Celep (1988) analyzed a thin
uniformly loaded circular plate with an eccentric point loadElsevier B.V. All rights reserved.
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plate resting on a tensionless Winkler foundation has also been
studied. Celep and Turhan (1990) and Güler and Celep (1995)
worked further on circular plate resting on a tensionless elastic
foundation to study the dynamic response. Melerski (1989)
used an energy approach to ﬁnd the effect of various axi-
symmetric loading and support conditions on thin circular
plates. A mixed-variational approach was used by Faruque and
Zaman (1991) to predict the settlement and ﬂexural moment of
a thin circular plate in contact with an isotropic elastic
halfspace. Zaman et al. (1990) adopted the same approach to
investigate settlement, moment and shear force for a moder-
ately thick circular plate resting on an isotropic elastic half-
space. Vallabhan and Das (1991) analyzed the foundation of a
circular tank foundation resting on soil. The bottom slab of the
tank was assumed ﬂexible enough to apply the linear plate
theory. Güler (2004) developed a solution using the Galerkin
method to show the response of a uniformly loaded thin
circular plate with a concentrated load at the center, founded
on a tensionless two-parameter Pasternak layer. Rad and
Alibeigloo (2013) obtained the stress and displacement dis-
tribution using a differential quadrature method to study the
interaction problem between an annular circular plate and a
two-parameter linear elastic foundation.
All the reported works have been conducted to study the
behavior of a circular plate or raft resting on existing ground
without any treatment. However, many research works have
also been conducted to understand the behavior of stone
column-improved ground under axi-symmetric condition.
Mitchell and Huber (1985) analyzed stone column-reinforced
ground with an axi-symmetric approach assuming the exis-
tence of an equivalent model of concentric stone rings with a
stone column at the center. The group of stone columns was
substituted with an equivalent stone ring to keep the ratio of
the stone column area at a constant for the total area. Lee and
Pande (1998) proposed an axi-symmetric model to study the
behavior of circular footing in contact with stone column-
reinforced ground. Ambily and Gandhi (2007) conducted
experimental as well as numerical studies on a single stone
column and a group of stone columns to study the effect of
parametric variation. Elshazly et al. (2008) developed an axi-
symmetric ﬁnite element model keeping area replacement ratio
constant to investigate the accuracy of the unit cell approach.
The actual foundation has been idealized as concentric stone
rings around the center column. Indraratna et al. (2008) analyzed
a circular embankment resting on vertical drain improved soft
ground by converting vertical drains into equivalent concentric
rings. Deb et al. (2010) developed a mechanical model to
understand the behavior of geosynthetic-reinforced granular ﬁll
on stone column-reinforced ground under the axi-symmetric
condition. More recently, an analysis was carried out on the
inﬁnite beams resting over granular bed-stone column-reinforced
earth beds under moving loads (Maheshwari and Khatri, 2012),
and an analysis and design of ﬂoating stone columns was
presented by Ng and Tan (2014). Sawada and Takemura (2014)
conducted centrifuge model tests on piled raft foundations in
sand subjected to lateral and moment loads.Thus, the focus of most of the research was to study the
behavior of stone column-improved ground without consider-
ing the circular raft or the circular raft/plate resting on
untreated ground. A limited number of studies has been
conducted to study the behavior of circular rafts resting on
stone column-improved ground. The focus of the available
studies has mainly been the settlement behavior of the
improved ground. In the design of foundations, not only is
settlement is a signiﬁcant design factor, but the bending
moment and shear force are also very important design factors.
The ﬂexural rigidity of foundations also plays a major role on
its behavior. Thus, it is necessary to determine the settlement
as well as bending moment and shear force of the raft
foundation resting on stone column-improved soft ground.
Balaam and Booker (1981) presented solutions to evaluate
settlement, moment and shear distribution of uniformly loaded
rigid circular rafts resting on stone column-reinforced soil by
adopting a unit cell approach. However, it has been observed
that a unit cell approach can lead to erroneous estimations of
the settlement of the foundation (Elshazly et al., 2008). Studies
also show that the unit cell analysis is accurate when it is
applied near the centerline of the embankment where no lateral
displacement is observed (Indraratna et al., 1992). Chai and
Miura (1999) reported that in many cases, the ground
deformation patterns with vertical drain do not represent a
unit cell condition. Thus, the present study investigates the
behavior of a uniformly loaded circular raft resting on stone
column-reinforced soft soil by considering all the stone
columns in the analysis. The effects of different parameters
on the settlement, bending moment and shear force of the
circular raft are studied by using the developed model.2. Modeling
In the present study, triangular and square arrangements of
stone columns are taken into consideration because they are
the two most common types of vertical drain arrangement.
Fig. 1(a) shows the top view of the stone column distribution
under a uniformly loaded circular raft. Stone columns were
idealized as equivalent stone rings to analyze the soil-
foundation system in the axi-symmetric condition. The stone
columns were converted into equivalent stone rings using the
equal area replacement technique as suggested by Mitchell and
Huber (1985). Fig. 1(b) shows the typical top view of the
idealized foundation system with equivalent stone rings. In this
converted soil-foundation system, the center stone column is
kept intact and the surrounding stone columns were converted
into equivalent stone rings. Ambily and Gandhi (2007) and
Elshazly et al. (2008) also adopted a similar model to carry out
an axi-symmetric analysis of stone column-reinforced ground.
Circular raft was idealized as a thin circular plate. A
granular layer was provided below the circular raft to facilitate
drainage and distribution of the stresses coming from the raft.
The granular layer was idealized as a Pasternak shear layer.
The stone column and soft soil were idealized as nonlinear
stiffer springs and a spring-dashpot system, respectively. The
A.K. Das, K. Deb / Soils and Foundations 54 (2014) 1212–12241214Pasternak shear layer was introduced to simulate a granular
layer with the purpose of providing connectivity between the
stiffer springs and the spring-dashpot system. Thus, the soil-
foundation system was shown to be capable of predicing the
settlement outside the loaded region. Fig. 1(c) shows the
sectional front view of the soil-foundation system.
The conversion of the actual foundation system to equiva-
lent rings was based on the equal area replacement ratio,
where the ratio of area of stone column to total area is kept
constant. Fig. 2 shows the conversion of stone columns to
equivalent stone rings for triangular and square arrangements.
The substituted stone columns form a hexagon in a triangular
arrangement and a square in a square arrangement. If the
number of stone columns substituted by an equivalent stone
ring of radius ri is n and diameter of stone columns is dc, then
n
4
πd2c ¼ π riþ
tc
2
 2
 ri
tc
2
 2 
ð1ÞFig. 2. Actual and assumed equivalent foundation system (a) tria
Fig. 1. Uniformly loaded circular raft on stone column-reinforced ground (a)
plan of stone column reinforced ground with triangular arrangement; (b) plan
of assumed foundation system with equivalent stone rings; (c) sectional view
of the uniformly loaded circular raft resting on equivalent foundation system
(not to scale).where tc is the thickness of stone ring. Solving Eq. (1), one can
get
tc ¼ nd
2
c
8ri
ð2Þ
The radius of each equivalent ring from the center (ri)
depends on the number of rings (n) and the spacing between
equivalent stone rings (Se). For the ith stone ring, the radius
can be expressed as ri¼ iSe and the number of stone columns
(n) is equal to 6i and 8i for the triangular and square
arrangements, respectively. If rc is the radius of the stone
column, the expression for the thickness of the stone ring can
be further modiﬁed in the form:
tc ¼ β d
2
c
4Se
¼ β r
2
c
Se
ð3Þ
where β has a value of (3) and (4) for the triangular and square
arrangements, respectively. A comparison of the area covered
by each hexagon or square and the same area covered by the
equivalent stone ring gives a radius (ri) equal to 0.909 Si and
1.128 Si (where Si=iS) for the triangular and square arrange-
ments of stone columns, respectively. The relationship
between the spacing between the stone columns (S) and the
equivalent stone rings (Se) depends on the arrangement of the
stone columns. If de is the diameter of the unit cell of a stone
column, the relationship between S and Se can be expressed as:
Se=0.909 S(=0.865de) and 1.128 S(=de) for the triangular and
square arrangements of stone columns, respectively.
2.1. Mathematical formulation
A circular raft of radius Rp was placed on a granular layer or
sand blanket of radius Rf. For axially symmetric deformations,
the governing differential equation of the circular thin plate can
be expressed as:
D
∂4w
∂r4
þ 2
r
∂3w
dr3
þ 1
r2
∂2w
∂r2
 1
r3
∂w
∂r
 
þp ¼ q ð4Þ
where D is ﬂexural rigidity of the plate can be expressed as:
D ¼ EpH
3
p
12ð1ν2pÞ
and p is contact stress at soil-plate interface, q is axi-symmetric
external loading, w is the vertical settlement, Hp is thengular pattern (Se¼0.909S); (b) square pattern (Se¼1.128S).
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ratio of the plate, respectively. From vertical force equilibrium
of an element in Pasternak shear layer, one can write (Deb
et al., 2007):
p¼ kwHf Gf 2
∂2w
∂r2
þGf 1
1
r
∂w
∂r
 
ð5Þ
where
Gf 1 ¼ Gf 01þðGf 0j∂w=∂rjÞ=τf uð Þ
Gf 2 ¼
Gf 0
1þðGf 0j∂w=∂rjÞ=τf u
 	2
k¼ ks0
Uaxi 1þks0ðw=qsuÞ

  within the soft soil region
¼ kc0
1þkc0ðw=qcuÞ
within the stone column or stone ring region
where τfu is the ultimate shear resistances of granular ﬁll, Gf0 is
the initial shear modulus of the granular ﬁll, ∂w/∂r is the shear
strain, Hf is the thickness of the granular layer, ks0 and kc0 are
the initial modulus of the subgrade reaction of the soft soil and
stone column, respectively, qsu and qcu are the ultimate bearing
capacity of the soft soil and stone column material, respec-
tively. Uaxi is the degree of consolidation of the stone column-
improved soft ground under the axi-symmetric condition at
any time t.
From Eqs. (4) and (5), the governing differential equation
can be written as:
D
∂4w
∂r4
þ 2
r
∂3w
dr3
þ 1
r2
∂2w
∂r2
 1
r3
∂w
∂r
 
Hf Gf 2
∂2w
∂r2
þGf 1
1
r
∂w
∂r
 
þkw ¼ q
ð6Þ
In the non-dimensional form, the governing differential
equation at any time t, can be written as:
qn ¼ Dn ∂
4Wp
∂R4
þ2D
n
R
∂3Wp
∂R3
þ D
n
R2
Gnf 2
 
∂2Wp
∂R2
 D
n
R3
þ G
n
f 1
R
 
∂Wp
∂R
þKWp for Rr1 ð7Þ
KWf Gnf 2
∂2Wf
∂R2
 G
n
f 1
R
∂Wf
∂R
¼ 0 for R41 ð8Þ
where Wp and Wf are non-dimensional vertical displacements
of the plate and that of granular layer beyond the plate,
respectively.
In the non-dimensional form, K can be written as:
K ¼ k
ks0
¼ 1
Uaxi 1þðWp=qnsuÞ

  within the soft soil region for Rr1
¼ α
1þðαWp=qncuÞ
within the stone column or stone ring region for Rr1
¼ 1
1þðWf =qnsuÞ

  for R41
The non-dimensional parameters are written as follows:
qn ¼ q
ks0Rp
;Wp ¼ wpRp
;Wf ¼ wfRp
;R ¼ r
Rp
;Dn ¼ D
ks0R4p
;Gnf 1 ¼
Gf 1Hf
ks0R2p
;Gnf 2 ¼
Gf 1Hf
ks0R2p
;Gnf 0 ¼
Gf 0Hf
ks0R2p
;
α ¼ kco
ks0
; qnsu ¼
qsu
ks0Rp
; qncu ¼
qcu
ks0Rp
; τnf u ¼
τf uHf
ks0R2p
Following Deb et al. (2007, 2008) and Deb (2008), subgrade
modulus or spring constant ratio, α can be expressed as:
α ¼ 1þνsð Þ 12νsð ÞEc
1þνcð Þ 12νcð ÞEs
ð9Þ
where Ec and Es are the elastic modulus of the stone column
and soft soil, respectively, νc and νs are the Poisson’s ratios of
the stone column and soft soil, respectively. The value Ec/Es is
known as the modular ratio. The non-dimensional equations of
the bending moments and shear force in the circular raft can be
written as:
Mnr ¼ Dn
∂2Wp
∂R2
þ νp
R
∂Wp
∂R
 
ð10Þ
Mnt ¼ Dn νp
∂2Wp
∂R2
þ 1
R
∂Wp
∂R
 
ð11Þ
Qr
n ¼ Dn ∂
3Wp
∂R3
þ 1
R
∂2Wp
∂R2
 1
R2
∂Wp
∂R
 
ð12Þ
where Mnr ¼ ðMr=ks0R3pÞ, Mnt ð¼ Mt=ks0R3pÞ and Qnr ¼
ðQr=ks0R2pÞ are the non-dimensional radial moment, the tan-
gential moment and shear force, respectively
3. Solution technique
In the present study, to solve the governing differential
equations, the ﬁnite difference technique was used. All the
partial derivatives ∂W/∂R, ∂2W/∂R2, ∂3W/∂R3 and ∂4W/∂R4
were expressed using the central difference formula. The non-
dimensional length Rf/Rp is divided in an m number of
segments so that the number of node is (mþ1). In this way,
the mesh size is expressed in the form ΔR=(Rf/Rp)/m. Thus,
the non-dimensional radial distance of any node (ith) from the
center of the circular raft is given by Ri=(i1) ΔR, except for
the ﬁrst node. The ﬁrst node is taken at a radial distance
Ri=ΔR/2 from the center instead of taking it at the origin to
avoid the zero value at the denominator of partial derivatives.
Only half of the soil-structure system is considered for analysis
because of the symmetry of the axi-symmetric model. The center
of the circular raft is the origin of the co-ordinate system and the
Gauss elimination method was used to solve the governing
differential equations. In the iterative process, a tolerance value of
10–4 was considered. To solve the governing differential equa-
tions, the following boundary conditions have were used:
At R ¼ 0; ∂Wp=∂R ¼ 0 and Qn ¼ 0
At R ¼ 1;Mnr ¼ 0;Qn ¼
Gnf 0
1þðGnf 0j∂Wf =∂RjÞ=τnf u
∂Wf =∂R
 G
n
f 0
1þðGnf 0j∂Wf =∂RjÞ=τnf u
∂Wp=∂R
Fig. 3. Model validation of the present study.
Fig. 4. Study of uniformly loaded stone column-reinforced soil with and
without plate.
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loaded raft, but the present model can also be used to study
the behavior of stone column-supported circular raft under any
type of loading condition by incorporating the appropriate
boundary and loading conditions.
4. Results and discussions
4.1. Validation of circular raft model
To validate the present developed model, the shear force
distribution for center column beneath the uniformly loaded
circular raft obtained from present study was compared with
the results obtained by Balaam and Booker (1981). In the
present analysis, all the stone columns were considered,
whereas Balaam and Booker (1981) adopted a unit cell
approach and considered one internal stone column and its
inﬂuence zone for the analysis. Thus, during comparison, the
center column and one stone ring were considered in the
proposed model. The triangular arrangement of the stone
column was considered in the present analysis. However, in
the unit cell analysis, it is observed that shear force was not
particularly sensitive to the arrangement of the stone columns
(Balaam and Booker, 1981). To show the shear force
distribution, the circular domain of the inﬂuence zone with a
diameter ratio (de/dc) was considered as 2. An equal Poisson’s
ratio for clay and stone column material was considered
(νs¼νc¼0.3) as adopted by Balaam and Booker (1981). For
comparison purposes, the spacing between the columns and
equivalent stone rings in the present study were back calcu-
lated from the diameter ratio used by Balaam and Booker
(1981). The non-dimensional process adopted by Balaam and
Booker (1981) and the present model is not similar. To match
the scale, the non-dimensional terms used in present study
were multiplied by an appropriate multiplying factor. Thus, a
higher non-dimensional shear force value was obtained than
the values presented in Section 4.2. Fig. 3 shows the shear
force distribution in the domain of inﬂuence of the center stone
column for different modular ratios. The distributions obtained
from both the studies show good agreement with little
deviation. This is because the results of the present study
depend on the ultimate load carrying capacity of the soft soil
and stone column, whereas the results presented by Balaam
and Booker (1981) were free from the effect of these
parameters. Again, Balaam and Booker (1981) did not con-
sider the granular layer in between the raft and improved
ground, whereas the granular layer between the raft and
improved soft soil was considered in the present study. The
analysis approach also differed in these studies. The shear
force distribution obtained by Balaam and Booker (1981)
started with zero at the center and ends with zero at the edge of
the domain, whereas the same obtained from the present study
though starts at zero, but is not zero at the edge of the domain.
This deviation can be explained by the way the shear force
distribution was determined in this study: along the total radius
of the raft and at a certain portion, as presented in the ﬁgure for
comparison with the results presented by Balaam and Booker(1981). However, a similar trend in the shear force distribution
was observed by the present model and Balaam and Booker
(1981). In both studies, the maximum shear force occurred at
the edge of the stone column and increased with the increasing
modular ratio.
The result of the present model is further compared with the
results presented by Deb et al. (2010) for a uniformly loaded
stone column-improved ground without the circular raft or
plate taken into consideration. Fig. 4 shows a comparison of
the settlement proﬁle obtained using the models developed by
Deb et al. (2010) and the present study. A uniformly loaded
stone column-reinforced ground with seven stone columns
arranged in triangular pattern was considered: i.e. the central
column and one stone ring (at a radial distance of 0.67 from
the center). In the comparative study, the spacing between
equivalent stone rings (Se) was kept equal to the spacing
between the stone columns (S) as adopted by Deb et al. (2010).
An Rf/Rp of 4 was used to ensure a sufﬁciently large problem
domain was considered and avoid a boundary effect. However,
the settlement proﬁle was up to Rf/Rp¼2, as seen in Fig. 4. It
has been observed that as the ﬂexural rigidity of the plate
decreases, the resulting curve of the present model converges
Fig. 5. Settlement proﬁle of the circular raft.
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is because the present model used in this experiment, with very
low ﬂexural rigidity of the plate, is identical to that used by
Deb et al (2010). For a circular plate resting on stone column-
improved ground, the maximum settlement was observed at
the center of the plate. However, for very low ﬂexural rigidity
plates or for uniformly loaded improved ground without a
plate, the maximum settlement was observed between the
central stone column and the stone ring, and lower settlement
was observed at the stone column or stone ring region. It is
further observed that as the ﬂexural rigidity of the plate
increases, a more uniform settlement proﬁle is obtained. The
model developed by Deb et al (2010) is for uniformly loaded
isolated circular footing resting on stone column-improved
ground. Thus, in Fig. 4, a higher non-dimensional settlement
and ﬂexural rigidity values are obtained than the results
obtained for the circular raft presented in Section 4.2.
4.2. Parametric study
To understand the effect of different parameters on a
uniformly loaded circular raft, parametric studies were carried
out with different ﬂexural rigidities for the raft, and different
modular ratios, spacing to diameter ratios, degrees of con-
solidation, shear moduli of granular ﬁll and different ultimate
bearing capacities for the soft soil. The vertical settlement, the
radial and tangential moment which developed in the raft, and
the shear force in the raft were evaluated in non-dimensional
form for different non-dimensional input parameters. During
the parametric study, the Poisson’s ratio of the soft soil and
stone column was considered as 0.45 and 0.30, respectively. In
the parametric study, the Rf/Rp was taken as 2 as it was shown
that after Rf/Rp¼1.2, no vertical ground settlement occurred
(Fig. 5). The effect of each parameter was studied by varying
the parameter within a suitable range while maintaining the
other parameters at a constant. The ranges of the various
parameters used in this parametric study is presented in
Table 1.
Fig. 5 shows the settlement proﬁle of the raft and the ground
beyond the raft. The settlement, moments and shear force
proﬁles are obtained from the equivalent foundation system,
which is comprised of six stone rings concentric with the
center stone column. The maximum settlement occurred at the
center of the raft, and the amount of settlement reduces
drastically from the edge of the raft, reaching zero settlement
near a non-dimensional radial distance of around 1.2. It is also
observed that as the modular ratio increases, the amount of
vertical maximum settlement decreases. Due to the increase in
the modular ratio from 10 to 100, settlement at the center
decreases by 12%, whereas it decreases by 9% at the edge of
the circular raft. Thus, as the modular ratio increases, the
differential settlement (the difference of settlement between the
center and edge of the raft) slightly decreases. At a modular
ratio of 20, the settlement at the center of the circular raft is
three times that of the settlement at the edge of the raft. In the
unit cell approach, displacement is equal at any point below a
uniformly loaded foundation, which does not conform to thepractical case. Fig. 6 shows the radial moment proﬁle in the
circular raft. The radial moment decreased with increases in the
modular ratio. The maximum radial moment of the raft takes
place in the soft soil region surrounding the center stone
column and the radial moment was higher at the middle of the
center stone column than at the concentric equivalent stone
rings. The radial moment decreased by 14% at the center of the
raft due to the change in the modular ratio from 10 to 100. For
the modular ratio 20, the radial moment at the center of the raft
is 2.6 times that of the radial moment at the equivalent stone
ring near the edge of the raft. Fig. 7 shows the tangential
moment proﬁle in the circular raft. The tangential moment
decreased with increasing modular ratio. For the modular ratio
20, the tangential moment at the center of the raft was 33%
higher than the tangential moment at the equivalent stone ring
near the edge of the raft. However, when the modular ratio was
100, the tangential moment at the center of the raft was almost
equal to the tangential moment at the ﬁrst equivalent stone
ring, whereas in the case of radial moment, it was 3.5% higher.
Again, the tangential moment at the center of the raft decreased
by 14% due to the increase in the modular ratio from 10 to
100. The effect of various parameters on settlement, moments
and shear force was also studied for an equivalent foundation
system comprised of six concentric stone rings with a center
stone column.4.2.1. Effect of ﬂexural rigidity of plate
Fig. 8 shows the effect of ﬂexural rigidity of the raft on
vertical settlement. Less vertical settlement was noted as the
ﬂexural rigidity of the raft increased along with the modular
ratio. For the modular ratio 20, when the non-dimensional
ﬂexural rigidity of the raft increased from 0.0005 to 0.001,
vertical settlement at the center of the circular raft decreased by
32%. Figs. 9 and 10 show the effect of ﬂexural rigidity on the
radial and tangential moments developed in the raft, respec-
tively. It is observed that with the increase in ﬂexural rigidity
of the raft, the radial and tangential moments developed in the
raft increased, whereas the moments decreased with an
increase in the modular ratio. For the modular ratio 20, both
the radial and tangential moments at the center of the raft
Table 1
Range of different parameters considered for parametric study.
Parameters Unit Range
Initial modulus of subgrade reaction for soft foundation soil (ks0) kN/m
2/m 15,000 a
Flexural rigidity of the raft (D) kN-m (1.2–2.4) 106
Initial shear modulus of granular ﬁll (Gf0) kN/m
2 (10–20) 103b
Thickness of granular layer (Hf) m 0.3
Ultimate bearing capacity of soft soil (qsu) kN/m
2 50–80
Spacing to diameter ratio (S/dc) – 2–5
Modular ratio (Ec/Es) – 10–100
Average degree of consolidation (Uaxi) % 50–100
aThe value is selected from the range provided in Bowles (1997).
bSelected based on the range of elastic modulus provided in Bowles (1997) for medium sand (25–50) 103 kN/m2.
Fig. 6. Radial moment distribution of the circular raft.
Fig. 7. Tangential moment distribution of the circular raft.
Fig. 8. Effect of ﬂexural rigidity on vertical settlement at the center of the raft.
Fig. 9. Effect of ﬂexural rigidity on radial moment at the center of raft.
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ﬂexural rigidity from 0.0005 to 0.001. Fig. 11 shows the effect
of ﬂexural rigidity of the raft on shear force developed at the
edge of the stone column. An increase in the shear force
developed in the raft was observed with increasing ﬂexural
rigidity and modular ratio. For the modular ratio 20, the
increase in the ﬂexural rigidity of the raft from 0.0005 to 0.001
resulted in a 4.5% increase in the shear force at the edge ofthe stone column. Thus, for a particular modular ratio, the
settlement and moments are more signiﬁcantly affected than
the shear force due to changes in the ﬂexural rigidity of
the raft.
4.2.2. Effect of shear modulus of granular ﬁll
Fig. 12 shows the effect of shear modulus of granular ﬁll
on vertical settlement at the center of the circular raft. Less
Fig. 10. Effect of ﬂexural rigidity on tangential moment at the center of raft.
Fig. 11. Effect of ﬂexural rigidity on shear force at the edge of stone column.
Fig. 12. Effect of shear modulus on vertical settlement at the center of raft.
Fig. 13. Effect of shear modulus on radial moment at the center of raft.
Fig. 14. Effect of shear modulus on tangential moment at the center of raft.
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granular ﬁll increased. For the modular ratio 20, an increase in
the shear modulus of the granular ﬁll from 0.0005 to 0.001
resulted in 19% less vertical settlement at the center of the
circular raft. Figs. 13 and 14 show the effect of shear modulus
of the granular ﬁll on radial and tangential moment developed
at the center of the circular raft, respectively. A decrease in the
radial and tangential moments was noted with increases in the
shear modulus of the granular ﬁll. For the modular ratio 20,
increases in the non-dimensional shear modulus from 0.0005
to 0.001 resulted in a 7% decrease in both the radial and
tangential moment. Fig. 15 shows the effect of shear modulus
on shear force developed at the edge of the center stone
column. The increase in the shear modulus of the granular ﬁll
had no signiﬁcant effect on the shear force developed in the
circular raft. Thus, it was observed that vertical settlement is
most affected parameter due to the change in shear modulus of
the granular ﬁll.
4.2.3. Effect of spacing to diameter ratio
The spacing to diameter ratio is an important design
parameter in any vertical drain problem. Fig. 16 shows theeffect of the spacing to diameter ratio on vertical settlement.
With increases in the spacing to diameter ratio, the amount of
vertical settlement increased. For modular ratio 20, increasing
the spacing to diameter ratio from 2 to 5 caused a 33 fold
increase in the amount of settlement at the center of the
Fig. 15. Effect of shear modulus on shear force at the edge of the center
column.
Fig. 16. Effect of spacing to diameter ratio on vertical settlement at the center
of raft.
Fig. 17. Effect of spacing to diameter ratio on radial moment at the center
of raft.
Fig. 18. Effect of spacing to diameter ratio on tangential moment at the center
of raft.
Fig. 19. Effect of spacing to diameter ratio on shear force at the edge of center
column.
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diameter ratio on the radial and tangential moments developed
at the center of the circular raft for different modular ratios,respectively. For lower values of S/dc (in between 2 and 2.5),
the developed moments at the center of the raft change from
positive to negative. For the modular ratio 20, both the radial
and tangential moments at the center of the circular raft
increased by a factor of 22 due to the increase in the spacing
to diameter ratio from 2 to 5. Fig. 19 shows the effect of the
spacing to diameter ratio on the amount of shear force
developed in the raft at the edge of the center column. A
change in the proﬁle of the shear force changes was noted
between spacing to diameter ratios 2 and 2.5 for different
modular ratios. Above a spacing to diameter ratio of 2.25,
shear force increased with increasing modular ratio, whereas
with a lower spacing to diameter ratio, the amount of shear
force decreased with increasing modular ratio. This can be
attributed to decrease in spacing to the increases stiffness of
the foundation soil when the diameter ratio was below 2.25:
the vertical settlement at the center became lower than the edge
of the raft. Above a spacing to diameter ratio of 2.25, the
defection proﬁle of the raft was concave, whereas the defection
proﬁle becomes convex below 2.25. This explains the change
in the direction of the bending moment from positive to
A.K. Das, K. Deb / Soils and Foundations 54 (2014) 1212–1224 1221negative at the center of the raft for lower values of S/dc. For
higher modular ratios, bending moment changed its proﬁle at
lower value of S/dc. Again, for a particular modular ratio, shear
force increased until the spacing to diameter ratio reached 2.5,
but decreased with further increases in the spacing to diameter
ratio. For the modular ratio 20, the shear force increased by
35% due to changes in the spacing to diameter ratio from 2 to
2.5, but decreased by 43% due to increase in spacing to
diameter ratio from 2.5 to 5. Thus, for a particular modular
ratio, changes in the spacing to diameter ratio affected the
vertical settlements and moments more than the shear force.4.2.4. Effect of degree of consolidation
Fig. 20 shows the change in vertical settlement due to
changes in the degree of consolidation of the stone column-
improved ground. With an increase in degree of consolidation,
vertical settlement at the center of the raft increased. For the
modular ratio 20, 5.3 times as much vertical settlement was
observed at the center of the raft due to the increase in the
degree of consolidation from 50% to 100%. Figs. 21 and 22Fig. 20. Effect of degree of consolidation on vertical settlement at the center
of raft.
Fig. 21. Effect of degree of consolidation on radial moment at the center
of raft.show the effect of the degree of consolidation on the radial and
tangential moments developed at the center of the raft. An
increase in the degree of consolidation resulted in the devel-
opment of more radial and tangential moments at the center of
the raft. For the modular ratio 20, both the radial and tangential
moments increased by a factor of 7.5 due to the increase in the
degree of consolidation from 50% to 100%. The amount of
shear force developed at the center of the circular raft increased
due to an increase in the degree of consolidation. Fig. 23
shows the change in shear force developed at the edge of the
center column due to changes in the degree of consolidation
for different modular ratios. For a modular ratio of 20, the
shear force at the edge of center stone column increased by
17.5% when the degree of consolidation increased from 50%
to 100%. Shear force decreased above 60% degrees of
consolidation.4.2.5. Effect of ultimate bearing capacity of soft soil
Fig. 24 shows the effect of the ultimate bearing capacity of
soft soil on vertical settlement. Vertical settlement decreasedFig. 22. Effect of degree of consolidation on tangential moment at the center
of raft.
Fig. 23. Effect of degree of consolidation on shear force at the edge of center
column.
Fig. 24. Effect of ultimate bearing capacity of soil on vertical settlement at the
center of raft.
Fig. 25. Effect of ultimate bearing capacity of soil on radial moment at the
center of raft.
Fig. 26. Effect of ultimate bearing capacity of soil on tangential moment at the
center of raft.
Fig. 27. Effect of ultimate bearing capacity of soil on shear force at the edge of
center column.
A.K. Das, K. Deb / Soils and Foundations 54 (2014) 1212–12241222with increases in the bearing capacity of soft soil. For the
modular ratio 20, an increase in non-dimensional bearing
capacity from 0.00016 to 0.00026 caused a 56% increase in
the vertical settlement. Figs. 25 and 26 show the effect of the
ultimate bearing capacity of soft soil on the radial and
tangential moments developed at the center of the circular
raft. An increase in the ultimate bearing capacity of soft soil
results in a decrease in both the radial and tangential moments
at the center of the circular raft. A 58% decrease in both the
radial moment and tangential moment occurred when the non-
dimensional ultimate bearing capacity was raised from 0.00016
to 0.00026 for modular ratio 20. The shear force which
developed at the edge of the center column decreased with
increased ultimate bearing capacity. Fig. 27 shows the change
in shear force due to variations in the ultimate bearing capacity
of soft soil. At the modular ratio 20, a 5% decrease in the shear
force was noted when the non-dimensional ultimate bearing
capacity of soft soil from 0.00016 to 0.00026. Thus, a the
ultimate bearing capacity has a greater effect on settlement and
moments than shear force.
For all these cases, as the modular ratio increased, changes
in the vertical settlement, moment and shear force decreased.For example, an increase in modular ratio from 10 to 40 led to
a 10% reduction in the vertical settlement when the ﬂexural
rigidity was 0.0005, but the reduction was only 2.5% when the
modular ratio was increased from 40 to 100.
5. Conclusions
The model introduced in this study was shown to be useful in
ascertaining the behavior of a uniformly loaded circular raft
resting on stone column-reinforced ground. Data obtained from
the parametric study can be used to design stone column-
reinforced soft ground and the structural design of circular raft.
For a uniformly loaded raft, maximum settlement takes place at
the center of the raft in most cases. However, for lower values of
S/dc (less than 2.25), there was more settlement at the edge of the
than at the center of the raft. Maximum radial and tangential
moments occur in the soft soil region surrounding center stone
column. The maximum shear force occurs at the edge of the stone
column in most cases. For a particular modular ratio, vertical
settlement and moments are more affected than shear force due to
changes in the ﬂexural rigidity of the raft, the ultimate bearing
A.K. Das, K. Deb / Soils and Foundations 54 (2014) 1212–1224 1223capacity of the soft soil and the spacing to diameter ratio. The
vertical settlement is most affected parameter due to the change in
shear modulus of the granular ﬁll. The amount of settlement, and
the radial and tangential moments decrease and the shear force
increases as the modular ratio increases. However, in many cases,
the rate of change in vertical settlement, moments and shear force
decreases as the modular ratio increases. Changing the parameters
had a similar effect on both the radial moment and tangential
moment. Based on the results of the present study, the following
proposal can be made for better design of a circular raft resting on
stone column-reinforced soft ground: An increase in shear modulus causes a decrease in vertical
settlement and moments, whereas shear force remains
almost unchanged. Therefore, dense granular ﬁll is recom-
mended to achieve the economical design of circular raft. It is observed that as the modular ratio increases, vertical
settlement and bending moments decrease, but shear force
increases. At a modular ratio above 40, the rate of change in
vertical settlement, moments and shear force decreases
sharply. Hence, the use of modular ratio up to 40 is suitable
in stone column design. Increasing the modular ratio
beyond this value is not economical. It is observed that as the ultimate load carrying capacity of
soft soil increases, the vertical settlement, moments and
shear force decrease. Thus, a preloading or surcharge
system for suitable time duration can be used before the
construction of the raft to increase the shear strength of the
soil and to reduce the soil compressibility. A case study on
a circular tank site also shows that surcharging the site with
loading equal to or more than the structure loads along with
stone columns can effectively reduce the post-surcharge
settlements to acceptable limits (Bhushan et al., 2004). In most cases, as the spacing to diameter ratio increases, the
settlement and moment increase. However, in with lower
spacing to diameter ratios (in between 2 and 2.5), the
reverse trend was noted for bending moments. The max-
imum shear force in the raft at the edge of stone column
occurred when the spacing to diameter ratio was around 2.5.
Again, the vertical settlement and moments are very high
when the spacing to diameter ratio is above 4. Therefore,
adopting a spacing to diameter ratio between 3 and 4 is
effective. However, in terms of the vertical settlement and
bending moments, a lower spacing to diameter ratio can
also be chosen. It should be noted that for lower values of S/
dc (in between 2.5 and 2), the developed moments at the
center of the raft change from positive to negative. The
designer can choose the design parameters based on the
preference given for a particular factor. It is expected that
the results presented in the present paper serve to help
designers choose the most appropriate design parameters.
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